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High-resolution measurement, line identification, and spectral modeling of thé 8 spectrum
of heliumlike argon emitted by a laser-produced plasma using a gas-puff target
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We present an analysis of the spectrum of satellite transitions to the Ilhe-in Ar xvii. High-resolution
measurements of the spectra from laser-heated Ar-gas-puff targets are made with spectral resolution of 10 000
and spatial resolution of better than ath. These are compared with tokamak measurements. Several different
lines are identified in the spectra and the spectral analysis is used to determine the plasma parameters in the
gas-puff laser-produced plasma. The data complement those from tokamak measurements to provide more
complete information on the satellite specff@1063-651X97)05803-0

PACS numbds): 52.70.La, 32.30.Rj, 32.76.n

Electron temperatures of 500—1000 eV are routinely The experiments were carried out at the Institute of Op-
achieved in laboratory plasma sources such as laseteelectronics, Poland. To heat the plasma, a Nd laser with
produced plasmas, fast pinches, and tokamaks. As a resufiulse energy of 5—-10 J and pulse duration of 1 nsec was
mid-Z elements are typically found in the heliumlike charge focused to a 15@:m spot. An argon-gas-puff target was cre-
state and radiate in the x-ray region. The heliumlike ated by pulsed injection of gas from a high-pressure electro-
emission consisting of transitions from tme=2 levels to ~magnetic value through a 0.5-mm-diam nozzle into the
n=1 has been studied in detail in both tokamak and laservacuum. The gas backing pressure in the valve was 15 atm.
produced plasmdd,2]. These studies have demonstrated thelhe time delay between the laser pulse and the opening of
great utility of the Ke spectra for determining various the valve could be changed from 0.25 to 1 msec. The laser
plasma parameters such as the electron and ion temperaturB§am was focused onto the gas-puff target perpendicular to

the plasma density, the ion transport coefficients, and thé€ flow of the gas and intersected the axis of the nozzle. By
fraction of non-Maxwellian electrons. changing the time delay and the distance between the center

K-shell x-ray spectra involving transitions from levels of the laser spot and the output of the nozzle we could vary

higher thann=2 have been studied in much less detail. Wethe gas pressure in the laser interaction region. .
believe suchK-shell spectraK 3, Ky, etc) in many cases _An x—ray_pl_nhole camera was used for obtammg a qua_lh-

T ; S tative description of the interaction of the laser radiation with
could be even more useful for diagnostic applications tha

e o S Nalhe dense Ar gas. A typical pinhole image is shown in Fig.
the traditionally used « emission, because these transmons,l(a) In the pinhole image we see a small hot region near the

as a rule, are optically thin even in a dense laser-producefhe focus and a much larger, expanded region, which is

plasma. The most detailed investigations of the heliumlikéy,ch colder and less ionized than the small region near line
argonK B spectra have been made recently on the Princeton

Large Torus tokamak3] and on the Livermore electron-
beam ion trag EBIT) facility [4]. In the present paper these
spectra have been investigated for the case of a high-density
laser-produced plasma. Using this type of plasma source it is
possible to test the atomic theory for a plasma that is in an
intermediate regime between that described by cor(w
lisionless and local thermodynamic equilibrium approxima- I

tions. Our measurements include the positions and strengths

of the 1s2131-1s?2| and 1s2141’-1s%2| lithiumlike satel-

lite lines, K3, andK B, heliumlike lines, and §*5d-1s°2p

lithiumlike transitions. A detailed comparison of the mea-

sured argon spectrum with the theoretical data has been (a) (b)

made. Good agreement is obtained for both the wavelengths

and the intensities of the spectral lines, which allows us to FIG. 1. (a) Typical x-ray pinhole image of the Ar-gas-puff laser-
estimate the parameters of the laser-produced plasma fropaoduced plasma ang) plasma emission spectrum in the wave-
the gas-puff target. length region 3.25-3.45 A,

2.5 mm
KB,
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160 of the KB, line. This model was based on atomic data for
] ! i 1s213!1" and 1s3131" lithiumlike and 1s2121"31” beryllium-
:'g‘ 140 |— — like satellites calculated by theuLLAC set of atomic physics
' L - codes, which calculate wave functions, energy levels, and
S 120 — — radiative transition rates by the relativistic, multiconfigura-
£ L - tion parametric potential method with full configuration in-
£ 100 |- — teraction[6]. The collisional excitation rates were calculated
2 - . in the distorted-wave approximation; an efficient technique,
2 80— 2 — which performs an angular factorization of both direct and
2 - 1 3 4 . exchange contributions to the excitation cross sections and
£ 60— — interpolates the necessary radial integrals as a function of the
- — threshold energy usdd]. The autoionization rates were ob-
40 | ' | ' | ' | ' | tained from a factorization-interpolation technique using a
325 330 335 340 345 single consistent potential for the bound and continuum or-
Wavelength (A) bitals[8]. In the collisional-radiative kinetic model all states

belonging to the 2131’, 1s313l’, and 152121 31" configu-

FIG. 2. Emission spectrum of the Ar-gas-puff laser-producedrations were taken into account as individual levels. Note
plasma in the wavelength region 3.25-3.45 A taken with the FSSghat the same model was used in Rgd] to describe the
1D spectrometer. argon spectra in the tokamak. For singly excited heliumlike

Ar levels we used the simpler kinetic mod#l with excita-

focus that is emitting the x rays. Quantitative information ontion cross sections calculated in REL0]. In the synthetic
the x-ray plasma emission was obtained with the help of thepectra each line was modeled by a Gaussian-shaped curve
FSSR (focusing spectrograph with spatial resoludiaane-  with a width that equals the width of th€g, line as ob-
dimensional(1D) spectrometef5]. This spectrometer em- served in the experiment. The result of the spectral modeling
ployed a mica crystal with a lattice spacitfgr fifth order of  is presented in Fig. 3 together with the experimental data
reflection ds=9.722 05 A, which was spherically bent to a obtained in the present work. For comparison, the analogous
radiusR=100 mm. The resolving power of the instrument spectrum observed in the tokamig{ is shown in Fig. 4. It
was abouf\/AN=10 000. The spatial resolution of the spec- can be seen from Figs. 3 and 4 that the atomic model used
trometer was better than 50m. The argon plasma emission describes adequately both the detl$g=10?* cm®) and the
spectra were recorded in the fifth order of crystal reflectiorrarefied(N,=10" cm™ %) plasma except for a discrepancy of
for the spectral region=3.25-3.45 A. The typical spectrum a factor of 2 for theK 3, line in the tokamak plasma, as
obtained is presented in Fig(h. It can be seen from this noticed in Ref[3], which used a slightly different model for
figure that the heliumlike Ar ions emit only from a small the excitation rates for the singly excited heliumlike ions.
spatial region with dimensions less than 3Qénh in both It is interesting to compare the spectra emitted by the
directions and do not radiate during the plasma expansioriokamak and laser-produced plasma. Looking at Fig. 4, we
This results in the small spectral widths of the observed linesiote that in the tokamak plasma thg, line is the dominant
and makes it possible to measure the wavelengths with spectral feature, and features formed by the lithiumlike and
very good accuracy. A big advantage of using the gas-pufberylliumlike satellites are one or two orders of magnitude
target is to avoid the large hydrodynamic motions associatedmaller in intensity, while in the laser-produced plagifig.
with the expansion of solid targets. As a result, we have3) the intensities of th& 8, line and the lithiumlike satellites
smaller ion temperatures and narrower are approximately equal. This difference, of course, is ex-
linewidths with the gas-puff target in the region of interest. plained by the differences in the plasma temperatures: the

A measurement of th& 8 emission of heliumlike Ar is electron temperaturel,.=2.3 keV in the tokamak and
shown in Fig. 2. For the wavelength measurement we use@,=620 eV in the laser-produced plasma. We also see from
the spectrometer dispersion curve calculated by the rayFig. 4 that a different set of lines can be observed in tokamak
tracing code. Two lines, Bp P;-1s? 1S(KB,), and the and laser-produced plasma. For example, some satellites
satellite line designated by the number 9 in Table | and Figfrom the 1s3131’ and 1s2121'3l1"” levels of lithiumlike and
2 were used as reference lines to avoid the uncertainties coberylliumlike Ar ions were observed from the tokamak
nected with the absolute line positions on the film and withplasma and are absent in the spectrum of the laser-produced
the distance between the crystal and the plasma. The wavplasma and, vice versa, satellites marked by numbers 11-15
lengths of these reference lines were obtained from [B&f. are present in the second cdfdy. 3) and are not observed
The absolute accuracy of our wavelength measurements is the first one(Fig. 4). These differences are connected
defined mainly by the accuracy of the reference lines and isnainly with the electron plasma density. A very interesting
better than 0.2 mA for lines observed in the same order osituation is realized for the spectral feature marked by num-
reflection as the reference lines. For lines observed in thber 8 in Fig. 3. In the laser-produced plasma, this feature is
first order of reflection(5d-2p transitions in lithiumlike Ay formed by the (32p3/,3Ps/0)j—so-(15°2p);_3, transition
the accuracy is limited by the uncertainty in the radiggd,  (see Table)land has wavelength=3.4187 A. In the toka-
of the interplanar spacing of the mica crystal in the fifth andmak spectra, a feature with a very similar wavelength
first orders of reflections and according to our estimation is\=3.4193 A was observed, but in this case it is the
about 3 mA. The results obtained are presented in Table 1.(152ps,3P35) ;- 1/2-(15°2p);_1/, transition. It should be

We have used the quasistationary collision-radiative ki-noted that for lines observed in both the tokamak and the
netic model to describe the emission spectrum in the vicinitytaser-produced plasma the wavelength measurements give
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TABLE I. Wavelengths of the radiative transitions in heliumlike and lithiumlike Ar ions. The reference lines 5 and 9 used in the present
measurement are marked with an asterisk. The uncertainty in the last digit is given in parenthesis. The reference for the various wavelengths
are given as footnotes. The transition is described ugingoupling with the total angular momentudhgiven as a subscript after the
parenthesis.

)\expt (A) )\theor (A)
laser
Key Transition plasma tokamak present a—d e—g h,i
1 (1s254p3)) 1/5- (15%25) 1 3.259¢ 3.261F 3.262%
1 (15254p3)) 3o (15%25) 1 3.26064) 3.2616 3.260¢ 3.261% 3.2623
1 (1s2p3AP3) 52 (15%2p) 312 3.260¢ 3.260% 3.2623
2 (152p3AP3) 52 (15%2p) 312 3.27084) 3.2708 3.269% 3.2704 3.2722
2 (152p1/AP3) 32 (15%2p) 1 3.2697 3.270F 3.2724
3 (15%5d) 3/, (15°2p) 1/ 16.5933) 16.5968 16.5962
4 (15%5d) 5/~ (1522p) 3/ 16.6623) 16.6666 16.665%
5 1s3p 1P,-15? 15, 3.3655 3.365% 3.3658 3.3653 3.3656
6 1s3p °P,-15? 15, 3.369%2) 3.369¢ 3.369¢ 3.3700 3.3696
7 (15253pg) 3o (15%25) 1 3.40592) 3.4059 3.4052 3.4059 3.4056
7 (15253p1/5) 10 (15225) 15 3.4061 3.406%
8 (152P3/23P3/2) 3o (15%2P) 31 3.4179 3.418% 3.4186
8 (152p3/23P3/) 52 (15%2p) 31 3.41872) 3.4190 3.419% 3.4194
8 (152P323P1/2) 32 (15%2P) 312 3.4192 3.419% 3.4198
9 (15253p3)p) 1/0- (15225) 11 3.4221 3.4231 3.4224
9 (15253p3)0) 3 (15225) 11 3.4225% 3.422% 3.4222 3.423% 3.4226
10 (152p3/23P32) 372 (15°2p) 1/ 3.4270 3.4271 3.4270
10 (152p323P3/2) 572 (1522p) 312 3.42762) 3.4276 3.427% 3.4280)
11 (152p323P3/2) 372 (1522p) 312 3.43022) 3.4299 3.4301 3.4299
12 (152py/3Par) vz (15°2p) 12 3.4337 3.433%
12 (152p1/23P3/2) 372 (1522p) 1/ 3.43272) 3.4341 3.4337
12 (152p1/23P312) 3/ (15°2P) 312 3.4344 3.4342
13 (152p1/23P3/2) 3/2-(1522P) 312 3.436(2) 3.4370 3.436% 3.4367
14 (15253ds) 3/ (15°2p) 1/ 3.44272) 3.4435 3.4438 3.4434
15 (15253d5) 3/2-(15%2p) 1/ 3.44692) 3.4465 3.4468 3.446%
®Referencd20]. 'Referencd 11].
bReferencd3]. YReferencd 15].
‘Referencd12]. "Reference$16—14.
dReferencd 13]. iReferencd 14].
®Referencd 19].
140 R P IR 1I b ' 10° KB, Ar XVIl KB and satellites
- 120 — ]
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FIG. 3. Comparison of the experimental and theoretical spectra FIG. 4. Comparison of the experimental and theoretical spectra
for the Ar-gas-puff laser-produced plasma. for the Ar tokamak plasma.
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practically the same resulsee Table)l. Because the satellite While such differences appear small, they are in fact very
spectrum is sensitive both to the electron plasma temperatuimportant for proper modeling of experimental spectra, espe-
and the density, the comparison of the experimental dataially in cases where several lines blend and the shape of a

with the theoretical one enables us to determine the plasmgiven feature critically depends on accurate knowledge of the
parameters. For example, for the case of the laser-producefdividual line positions.

plasma, this method givel=10"* cm * and T,=620 eV In the present papef B heliumlike Ar emission spectra
for the plasma region where the heliumlike Ar emission oc-have been investigated for the case of high-density laser-
curs. produced plasma. The positions of thes213l’-1s%2l,

In Table | we compare our wavelength measurements angls| 417-1s22| . and K, lines have been measured with a
current calculations with other experiments and theoretica\l,ery high accuracy of 0.2 mA and some satellite transitions
results. For the lithiumlike ions the semiempirical method\yere observed and identified. The comparison of the mea-
[11] andZ expansion methodvz code [12] are used. Sev-  gyred argon spectrum with the theoretical data have allowed
eral references are included for the heliumiikg .I|nes[13— us to determine the gas-puff laser-produced plasma param-
15]. For the lithiumlike satellites, th& expansion method gers. It should be noted that only by using different kinds of
[13], the multiconfiguration Dirac-Fock meth¢tl6—18, the  plasma sources is it possible to obtain the most complete
Hartree-Fock method19], and the Thomas-Fermi-Dirac jntormation on the ionic spectra. In particular, data obtained
method[20] are all compared. The published wavelengthsiy the present work together with the data obtained in the
calculated with the multiconfiguration Dirac-Fock method experiments on the tokam4R] and EBIT[4] facilities gives

using thevoba code[16] have had the energy of the transi- 4 getailed picture of Ar-ion emission in the vicinity of the
tions shifted by adding 15 230 crh for the n=4 lines and K 3, line of heliumlike Ar.

16 587 cm* for then=3 satellite lines in Table I. This shift
is described in Ref§17,18 and is used to shift the helium- We would like to thank NATO for support under the High
like KB and Ky lines to the correct wavelength. There is Technology Collaborative Research Grant No. 950396. The
good agreement among the methods to less than 1-mA levekork was supported, in part, by the State Committee for
but the best agreement between experiment and theory vari€ientific Research of Poland in the frame of the KBN, Grant
line by line. Some of the biggest differences in the theory aréNo. 2 P02B 013 11. The work of P.B., J.N., and A.L.O. was
for line 9, where the theory varies by as much as 1 mA. Theperformed under the auspices of the U.S. Department of En-
biggest difference between the experiment and theory is foergy by the Lawrence Livermore National Laboratory under
line 12, where the difference is slightly more than 1 mA. Contract No. W-7405-ENG-48.
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